Acetaldehyde is the first and principal metabolite of ethanol administered systemically. To its rise in blood, after administration of disulfiram, is ascribed the aversive reaction that should discourage alcoholics from drinking. In the present study, we sought to determine the effect of acetaldehyde on the electrophysiological properties of dopamine (DA)-containing neurons in the ventro tegmental area (VTA) of rats in vivo. Intravenous (i.v.) administration of acetaldehyde (5-40 mg/kg) readily and dose-dependently increased the firing rate, spikes/burst, and burst firing of VTA neurons. Ethanol (250-1000 mg/kg/i.v.) administration produced similar increments in electrophysiological parameters. In addition, a second group of rats was pretreated with the alcohol-dehydrogenase inhibitor 4-methylpyrazole (90 mg/kg) intraperitoneally (i.p.), and ethanol and acetaldehyde were administered i.v. at the same doses, 48 h later. In this group, ethanol effects were drastically reduced and the firing rate, spikes/burst, and burst firing were not significantly altered. In contrast, acetaldehyde fully retained its capacity to stimulate electrophysiological indices. The results indicate that acetaldehyde produces electrophysiological actions on VTA neurons in vivo, similar to those produced by ethanol, and significantly participate in ethanol-induced increment in DA neuronal activity. These results also suggest that acetaldehyde, by increasing DA neuronal activity in the VTA, may significantly contribute to the centrally mediated positive motivational properties of ethanol, which would oppose the well-known peripherally originating aversive properties.
INTRODUCTION
Alcoholism is a major addictive disorder with profound and far-reaching impacts on the individual and society (Goodwin and Gabrielli, 1997) . Among the various pharmacological treatments available for this disorder, disulfiram (Antabuse) is the oldest (Litten et al, 1996) and perhaps most widely utilized (Fuller and Roth, 1979; Chick et al, 1992) . Its mechanism of action is thought to reside in its aldehyde-dehydrogenase-inhibiting property, through which it should raise acetaldehyde blood levels, produced by ethanol ingested and metabolized by alcohol-dehydrogenase, an enzyme normally found in the gastric and hepatic tissue of human beings (Baraona et al, 1991) . In turn, the augmented blood acetaldehyde concentrations are considered to be peripherally aversive (Litten et al, 1996; Eriksson, 2001) and to form the basis for the well-known 'flushing syndrome', commonly observed after ethanol ingestion in many orientals, an ethnic group with a low incidence of alcoholism.
On the other hand, at least some of the motivational properties of ethanol are thought to be mediated by the mesolimbic dopamine (DA) system, whose cell bodies are located in the ventro tegmental area (VTA) of the midbrain (see Diana and Tepper, 2002 , for a recent review). Accordingly, acute ethanol administration increases the electrophysiological activity of these neurons in vivo (Gessa et al, 1985) and in vitro (Brodie et al, 1990) , and augments DA microdialysate concentrations in terminal areas (Imperato and Di Chiara, 1986 ) of freely behaving rats. Conversely, ethanol withdrawal decreases dopaminergic neuronal activity in rats in vivo (Diana et al, 1993) and mice in vitro (Bailey et al, 1998) , and reduces DA extracellular concentrations in the nucleus accumbens (Rossetti et al, 1992; Diana et al, 1993; Weiss et al, 1996) . All these studies have suggested that both positive (reinforcing) and negative (dysphoriant) properties induced by acute ethanol and its withdrawal, respectively, are mediated, at least partially, by increments and decrements of DA neurons activity projecting to the nucleus accumbens (Diana, 1996 (Diana, , 1998 Pulvirenti and Diana, 2001; Diana and Tepper, 2002) .
In contrast, studies suggest that acetaldehyde may participate in the positive motivational properties of ethanol (Eriksson, 2001; Aragon et al, 1986) . Accordingly, acetaldehyde is readily self-administered intravenously (i.v.) (Myers et al, 1982 (Myers et al, , 1984 , directly into the VTA (RoddHenricks et al, 2002) and into the cerebral ventricles (Brown et al, 1979 (Brown et al, , 1980 . Further, when administered intracerebroventricularly, acetaldehyde is able to induce place preference in rats (Smith et al, 1984) and to produce a conditioned stimulus preference, even when administered peripherally (Quertemont and De Witte, 2001) . All these studies lend support to the hypothesis that acetaldehyde may contribute to the central actions of ethanol.
In the present study, we sought to determine directly if acetaldehyde administration alters DA neuronal activity in the VTA, and if this action bears any relationship with exogenously administered ethanol. To this aim, we blocked ethanol metabolism with the alcohol-dehydrogenase inhibitor 4-methyl-pyrazole (4-MP) and studied the effect of ethanol and acetaldehyde on the electrophysiological properties of rat DA-containing VTA neurons in vivo, with extracellular single-unit recording techniques.
MATERIALS AND METHODS

Subjects and Treatments
Male Sprague-Dawley albino rats (200/300 g) were used in all experiments. All subjects were kept on a 12h/12 h light/ dark cycle with food and water ad libitum. Experimental protocols were performed in strict accordance with the European Community regulations for the use of experimental animals (CEE No 86/609), and the recommended guidelines for the care and use of experimental animals approved by the Society for Neuroscience. Rats were randomly assigned to the following groups: (1) ALD (n ¼ 19) that received exponentially increasing doses (5-40 mg/kg/i.v.) of acetaldehyde. (2) ETH (n ¼ 10) that received exponentially increasing doses of ethanol (250-1000 mg/kg/i.v.). (3) 4-MP-ETH (n ¼ 10) that received a single dose of the alcohol-dehydrogenase-inhibitor 4-MP (90 mg/kg/i.p.) dissolved in saline and ethanol (250-1000 mg/kg/i.v.) 48 h later. (4) 4-MP-ALD (n ¼ 10) that received a single dose of the alcohol-dehydrogenaseinhibitor 4-MP (90 mg/kg/i.p.) dissolved in saline and acetaldehyde (5-40 mg/kg/i.v.) 48 h later. Controls (CTRL) (n ¼ 9) received an equal volume (0.1 ml/hg of body weight) of vehicle (saline i.p.) and 48 h later ethanol (n ¼ 4) or acetaldehyde (n ¼ 5). Drugs were administered 48 h after 4-MP because previous studies (Waller et al, 1982) showed its maximum efficacy in reducing spontaneous ethanol intake at this time.
All groups underwent identical surgical procedure. Subjects were anesthetized with urethane (1.3 g/kg) i.p., the femoral vein was exposed, and a catheter inserted into the lumen to allow i.v. administration of pharmacological agents.
Electrophysiological Recordings
Rats were mounted on a stereotaxic apparatus (Kopf, Tujunga, CA, USA) and prepared as follows: the scalp was retracted and a hole was drilled in the skull for the placement of a recording electrode filled with 2% pontamine sky blue (PSB) in 0.5 M NaCl, above the VTA (AP 1.8/2.0 from lambda; L 0.2/0.5 from midline) (Paxinos and Watson, 1997) . Presumptive dopaminergic neurons were identified according to well-established electrophysiological characteristics, that is, action potentials with biphasic or triphasic waveforms greater than 2.5 ms in duration, a typically slow spontaneous firing rate (2-5 Hz),and occurrence of single and burst spontaneous firing pattern. The extracellular neuronal signal from single neurons was amplified (Neurolog System) and displayed on a digital oscilloscope (Tektronix TDS 3012) before storage on a magnetic tape for off-line analysis of the data. Data were logged on a standard PC computer through CED 1401 interface, and firing rate and pattern analysis were performed by CED Spike2 system utilizing firing rate histograms generated by CED Spike2 software. A burst was defined according to Grace and Bunney (1984) as a train of at least two spikes with the first interspike interval of 80 ms or less, and a termination interval greater than or equal to 160 ms. Burst activity was analyzed according to the total percent of firing occurring in bursts called percentage of bursts, and by the mean number of spikes within a burst (Diana et al, 1989) . The analysis of these parameters (spikes/s, spikes/burst, and percentage of burst firing) is an important index for the activity of DA cells (Overton and Clark, 1997; Cooper, 2002) , and allows one to evaluate carefully the influences that a putative drug exerts on the cell discharge pattern. After 5 min of stable neuronal recording (basal activity), exponentially increasing doses of ethanol (0.25/0.25/0.5 g/kg) or acetaldehyde (5/5/10/20 mg/kg) were injected i.v. every 2 min, so that the last administered dose was equal to the sum of the drug already received, and the cell activity was recorded. Only one cell was recorded per rat. Drug-induced modifications of the basal activity were calculated in percentage for the 2-min period following each administration and compared with the predrug baseline. Statistical significance of the data was evaluated by one-way analysis of variance for repeated measures (ANOVA). At the end of each recording section, DC current (5 mA for 15 min) was passed through the recording electrode in order to eject Pontamine sky blue, which allowed the identification of the location of the recorded cells. Brains were removed and fixed in 8% formalin solution. The position of the electrodes was microscopically verified on sections (60 mm) stained with Cresyl violet (Figure 1 ).
RESULTS
A total of 58 neurons were recorded and included in the present study. The effect of acetaldehyde on VTA dopaminergic neuronal activity was studied in a total of 19 VTA neurons. In 13 cases, acetaldehyde was administered up to a cumulative dose of 20 mg/kg/i.v., and in the remaining six neurons a cumulative dose of 40 mg/kg was injected. Since no statistical difference was found, basal activity values were pooled and analyzed for differences between pre-and postacetaldehyde.
The baseline firing rate was 3.08 7 0.25 (mean 7 SEM) and it was readily increased dose-dependently in all neurons tested by i.v. acetaldehyde administration. An example is given in Figure 2 , in which a cumulative dose of 40 mg/kg was administered. Acetaldehyde administration also produced an increment in the number of spikes contained in each burst (spikes/burst) and in the percentage of spikes delivered in bursts (burst/firing) Figure 3 .
As expected, i.v. ethanol administration (0.125-1 g/kg) (n ¼ 10) produced increments in all three parameters studied, in all cells, of a magnitude similar to that induced by acetaldehyde administration. An example of its effect on the firing rate is given in Figure 4 , in which a cumulative dose of 1 g/kg was administered. In addition, parallel increases in spikes/burst, and in the percentage of burst firing were observed, and are shown in Figure 5 . Onset of action of the two drugs (ethanol and acetaldehyde) was evaluated by measuring the time between the onset of drug administration and the first 10-s epoch, in which the firing rate increased at least 10% above baseline. Statistical evaluation did not reach the level of significance (p40.05).
In order to gain some further insight into the relative contribution of the two drugs (ie acetaldehyde and ethanol) to the activation of VTA neurons, an additional group of rats (n ¼ 20) was pretreated with the ADH-inhibitor 4-MP (Waller et al, 1982) . Ethanol (n ¼ 10) was then administered to 4-MP-pretreated rats and relative CTRL (pretreated with saline) (n ¼ 4) at the same doses administered in normal (untreated) animals. Ethanol-stimulating capacity upon VTA neuronal activity was significantly reduced in 4-MPpretreated rats, and the firing rate activity was never observed to increase above 5% of the predrug values, whereas it was fully retained in CTRL rats (Figure 6 ).
In contrast, acetaldehyde administration increased neuronal activity in 4-MP-pretreated rats (n ¼ 10) to a degree similar to that observed in untreated and CTRL (vehiclepretreated) rats (n ¼ 5) (Figure 7 ). These effects were observed to varying degrees in all neurons tested. Figure 8 illustrates the dose-response curves for acetaldehyde and ethanol obtained from 4-MP-pretreated rats and relative CTRL.
DISCUSSION
The main finding of the present study is that acetaldehyde dose-dependently increases the firing rate and burst firing of VTA neurons in a manner similar to ethanol-induced increase of VTA neuronal activity (Mereu et al, 1984; Gessa et al, 1985; Brodie et al, 1990 ; present results). Furthermore, the results presented here suggest that the enhancement of dopaminergic transmission after ethanol administration (Gessa et al, 1985; Brodie et al, 1990 ) might be at least partially mediated by acetaldehyde. Accordingly, acetaldehyde administered alone, like ethanol, readily and dosedependently increased the firing rate, spikes/burst, and burst firing of DA-containing neurons of the VTA, a brain region that is known to be involved in the motivational properties of drugs of abuse in general, including ethanol (see Pulvirenti and Diana, 2001; Diana and Tepper, 2002 for recent reviews). In addition, acetaldehyde stimulated the electrophysiological activity of VTA-DA neurons in animals in which ethanol metabolism was pharmacologically blocked by the ADH-inhibitor 4-MP, whereas this ethanol property was significantly reduced under this condition. This experiment suggests that conversion of ethanol into acetaldehyde, presumably by ADH, is an important step, although not the only one, to observe an enhancement of DA transmission after ethanol administration. However, this conclusion is based on the use of 4-MP only and additional experiments with structurally different ADHinhibitors and catalase inhibitors are needed to draw definitive conclusions and to ascertain the relative role of these enzymes in the genesis of the results observed here. Further, acetaldehyde (5 mM) produces an inward current in DA neurons recorded in vitro in the whole-cell configuration of the patch clamp technique (Melis and Bonci, personal communication), suggesting a direct effect, induced by acetaldehyde, on the membrane of DA neurons. More experiments need to be performed in order to ascertain with certainty the primary cellular target of the acetaldehyde-induced increment in DA neuronal firing and pattern observed here. Likewise, additional work is required to extend these observations to higher doses of acetaldehyde, not tested in the present study. Indeed, we cannot exclude, based on the present results, that higher concentrations of acetaldehyde may not influence dopaminergic activity, or may even reduce it, as suggested by microdialysis studies (Ward et al, 1997, see below) . Alternatively, the lack of increment in DA neuronal activity after ethanol in 4-MP-pretreated rats could be due to the accumulation in blood ethanol levels produced by pharmacological blockade of ADH. Accordingly, Waller et al (1982) reported that 48 h after 4-MP administration, blood ethanol levels rise more than six times, as compared with predrug values, while spontaneous ethanol drinking is comparatively reduced. In turn, high ethanol doses (41 g/kg/i.v.) do not stimulate DA neuronal activity (Gessa et al, 1985) , but produce a slow and steady reduction in firing rate even in nigral DA neurons (Mereu et al, 1984) in anesthetized rats.
On the other hand, these results add significantly to a growing body of evidence that lends support to the fact that acetaldehyde might be an active metabolite of ethanol in the euphoriant properties of alcoholic beverages (Quertemont et al, 2003) through an activation of DA neurons in the VTA. Indeed, acetaldehyde is self-administered directly into the posterior VTA of rats selected for spontaneous alcohol preference (Rodd-Henricks et al, 2002) , resulting in being 1000 times more potent than ethanol (Rodd-Henricks et al, 2000) in this paradigm, and into the cerebral ventricles of unselected rodents (Brown et al, 1979) . In addition, acetaldehyde produces place preference when administered intracerebroventricularly (Smith et al, 1984) , and produces a conditioned stimulus preference even when administered peripherally (Quertemont and De Witte, 2001 ) at doses similar to those employed here. All these reports suggest a positive motivational role for acetaldehyde, whereas the latter evidence (Quertemont and De Witte, 2001 ) would tend to exclude the possibility that acetaldehyde is reaching the brain because of an altered permeability of the bloodbrain barrier, as in the present experiments, since the compound was administered peripherally (Quertemont and De Witte, 2001 ) and the blood-brain barrier was thus left intact. However, in contrast, microdialysis experiments (Ward et al, 1997) have reported a decrease in DA microdialysate in the nucleus accumbens instead of the anticipated increment predicted by the present reasoning. The reasons for this discrepancy are presently unknown, although recent reports have suggested that microdialysate DA could be overshadowed by DA originating from noradrenergic terminals (Devoto et al, 2002) in brain areas in which the two projections coexist. Since the nucleus accumbens, in particular its shell subdivision, possesses a significant noradrenergic projection (Berridge et al, 1997) , these experiments should be interpreted cautiously.
It would remain to be explained how ethanol increases DA firing when recorded in slices in vitro (Brodie et al, 1990 (Brodie et al, , 1999 . In this experimental setting, ethanol conversion into acetaldehyde might take place through catalase, which is known to be present in the brain Zimatkin and Lindros, 1996; Quertemont et al, 2003) and should be functionally preserved by the slice sectioning procedure. Consistent with this possibility is the fact that very high doses of ethanol, that is, 80-120 mM, are required to observe a modest (ca 10%) ethanol-induced excitation of DA neurons in vitro (Brodie et al, 1990 (Brodie et al, , 1999 as compared with larger increments observed in vivo in unanesthetized (Gessa et al, 1985) and urethane-anesthetized rats (present results).
These results may also bear important theoretical consequences on the therapeutic side of alcoholism (Litten et al, 1996; Fadda and Rossetti, 1998) and drug addiction in general. Indeed, according to the present results, blockade of ethanol metabolism should largely deprive ethanol of its positive reinforcing properties and, possibly, discourage individuals from intake. Accordingly, 4-MP, at the doses and timing employed here, has been found to be effective in reducing spontaneous alcohol intake in rodent lines selected for high alcohol preference (Waller et al, 1982) , a predictor of potentially valuable therapeutic compounds. In addition, the blockade of catalase with 3-amino-1,2,4-triazole also reduces spontaneous ethanol drinking (Aragon and Amit, 1992) and potentiates conditioned taste aversion induced by ethanol, because of a reduction in brain acetaldehyde (Quertemont et al, 2003) . This would suggest that a reduced metabolism of drugs of abuse, either pharmacologically obtained or genetically determined (Tyndale et al, 1999) , may reduce the risk of addiction.
In conclusion, the present results suggest that acutely administered acetaldehyde, in vivo, stimulates dopaminergic neuronal activity in the VTA. Consistently, 4-MP pretreatment prevented ethanol-induced stimulation of VTA firing, suggesting that acetaldehyde might significantly participate in ethanol-induced increments in VTA neuronal activity. These results may be relevant in explaining the neural basis of acetaldehyde intra-VTA self-administration (Rodd-Henricks et al, 2002) and the reduction in ethanol drinking observed after 4-MP pretreatment (Waller et al, 1982) . While additional experiments employing structurally different ADH-inhibitors are warranted to generalize these conclusions, the present results suggest that pharmacological impairment of ethanol metabolism requires further experimental testing as a possible new therapeutic strategy in alcohol abuse and alcoholism.
